Abstract
Introduction
Hematopoietic cell transplantation (HCT) is a potentially curative therapeutic approach for a variety of malignant and nonmalignant hematopoietic diseases. When HCT is performed in patients with malignant disorders, preparative or conditioning regimens are administered as part of the procedure to achieve two goals: provide sufficient immunoablation to prevent graft rejection, and reduce the tumor burden. Traditionally, these goals have been achieved by using otherwise supralethal doses of total body irradiation (TBI) and chemotherapeutic agents with non-overlapping toxicities. However, as it was recognized that immunologic reactions of donor cells against malignant host cells (i.e. GVT effects) substantially contributed to the effectiveness of HCT, reduced-intensity and nonmyeloablative conditioning regimens have been developed, making HCT applicable to older and medically infirm patients.
Definitions
The intensity of conditioning regimens can vary substantially, and when selecting the optimal conditioning regimen for any given patient, disease-related factors such as diagnosis and remission status, as well as patient-related factors including age, donor availability and presence of comorbid conditions need to be considered. In rare situations, such as children with severe combined immunodeficiency, 1 or patients with severe aplastic anemia who have syngeneic donors, HCT can be performed without the administration of a preparative regimen.
Although full consensus has not been reached within the hematopoietic cell transplantation community, conditioning regimens have been classified as high-dose (myeloablative), reducedintensity, and nonmyeloablative, following the Reduced-Intensity Conditioning Regimen
Workshop, convened by the Center for International Blood and Marrow Transplant Research
For personal use only. on October 31, 2017 . by guest www.bloodjournal.org From children. In a randomized trial, patients with AML in first remission receiving 15.75 Gy had decreased relapse rates compared to patients receiving 12 Gy; however, this effect was offset by an increase in transplant-related deaths, resulting in similar survival. 6, 9 In addition to the delivered dose, other factors, such as dose rate, fractionation, interval between fractions and the source of radiation (cobalt-60 vs. linear accelerator) could also impact both antineoplastic and toxic effects of TBI. Fractionation resulted in decreased organ toxicity but also sustained antineoplastic effects, due to a higher proportion of intact repair mechanisms retained in normal tissues as opposed to leukemic cells. 10 Hyperfractionation (multiple fractions per day) with lung shielding resulted in a decreased incidence of interstitial pneumonitis of 4%, down from 50%
observed with single-fraction TBI without lung shielding. 11, 12 The majority of TBI schedules in use today are either fractionated or hyperfractionated.
In addition to cyclophosphamide, various agents, such as cytarabine, 13 etoposide, 14 melphalan, 15 and busulfan 16 have been combined with high-dose TBI as conditioning regimens;
however, due to the lack of randomized trials, there is currently no evidence suggesting that any of these combinations are superior to cyclophosphamide and high-dose TBI.
The administration of high-dose TBI is associated with immediate and delayed toxicities, although it is not always possible to distinguish which component of the conditioning regimen is responsible for any given toxicity. Nausea, vomiting, transient acute parotiditis, xerostomia, mucositis, and diarrhea are commonly observed acute complications. Interstitial pneumonitis, idiopathic pulmonary fibrosis and reduced lung pulmonary function can also be related to highdose TBI. In addition, renal damage can occur and can be delayed (up to about 2 years) after high-dose TBI. 17 The occurrence of sinusoidal obstruction syndrome (SOS; formerly known as veno-occlusive disease of the liver) is more common in chemotherapy-based regimens (see below). Long-term side effects of high-dose TBI include infertility, cataract formation, 18 For personal use only. on October 31, 2017. by guest www.bloodjournal.org From hyperthyroidism and thyroiditis, and secondary malignancies; 19 however, the association of the latter is likely overestimated and is currently debated.
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High-dose Chemotherapy-based Regimens
In order to avoid short-and long-term toxicities associated with high-dose TBI, especially in patients who received previous radiation therapy, high-dose chemotherapy-based regimens have been developed both in the autologous and allogeneic settings where TBI is replaced with additional chemotherapeutic agents. Alkylating agents remain the mainstay of such regimens, due to favorable toxicity profile (marrow toxicity as dose-limiting toxicity) and their effect on nondividing tumor cells. Non-hematologic toxicity has limited the use of other agents, such as anthracyclines and taxanes, in this setting.
Busulfan is an alkylating agent with profound toxic effect on non-dividing marrow cells including early myeloid precursors. It is also active in a variety of malignancies, including CML and other myeloproliferative disorders, AML, lymphomas, ALL, and multiple myeloma. However, busulfan cannot be administered as a single agent as HCT conditioning due to its limited toxicity to mature lymphocytes. Another major limitation to its use in the setting of HCT was its availability solely in oral form, resulting in substantial variability in plasma levels between patients, 22 which in turn contributed to variable pharmacokinetics, toxicity, and response in patients receiving the same weight-based or BSA-based dose. In general, while low steady-state plasma busulfan levels were found to be associated with graft rejection, 23 there was also a direct association observed between high plasma busulfan levels and regimen-related toxicity, such as SOS. 22, 24 In addition, steady-state plasma busulfan levels below 918 ng/mL were also correlated with an increased risk of relapse in chronic phase CML patients undergoing HLA-matched related and unrelated donor HCT. 25 Based on these observations, and the fact that steady-state busulfan plasma concentrations can be achieved rapidly and can be predicted from first-dose kinetics, the strategy of targeted steady-state busulfan dosing emerged and has been used successfully in the setting of high-dose conditioning regimens. 26 When intravenous (IV) busulfan became available, pharmacokinetic data demonstrated less individual variation, and retrospective comparisons indicated less liver toxicity associated with the IV form. A regimen consisting of high-dose busulfan (16 mg/kg total dose) and cyclophosphamide (200 mg/kg total dose) was developed, 27 modified (total cyclophosphamide dose was decreased to 120 mg/kg), 28 and has been widely used since in patients undergoing autologous and allogeneic HCT.
In more recently developed regimens, to further reduce regimen-related toxicity, cyclophosphamide was replaced with fludarabine, a nucleoside analogue with considerable immunosuppressive properties which also has a synergizing effect with alkylators by inhibiting DNA repair. The combination of busulfan and fludarabine was found to have more favorable toxicity profile in patients with myeloid leukemias, 29, 30 although, in a more recent randomized trial including 126 patients with leukemia and MDS, overall, relapse-free and event-free survivals appeared inferior to those achieved with busulfan and cyclophosphamide conditioning. 31 Another alkylating agent, melphalan (140 mg/m 2 ), has also been successfully combined with busulfan (16 mg/kg) in the setting of both autologous and allogeneic HCT with encouraging results in small, single institution studies. 32, 33 Combinations of busulfan, thiotepa and cyclophosphamide, as well as busulfan, cyclophosphamide and etoposide, have also been utilized for both autologous and allogeneic HCT. [34] [35] [36] In addition, melphalan is often combined with carmustine (BCNU), etoposide, and cytarabine (BEAM), a regimen used in patients with non-Hodgkin's lymphoma undergoing autologous HCT. 37 This, and similar, non-radiation- 50 . In this analysis, patients receiving IV busulfan were included and analyzed separately from those receiving oral busulfan. It is unclear in this registry-based dataset to what extent busulfan dose adjustments were performed based on pharmacokinetic data; still, multivariate analysis showed statistically significantly less non-relapse mortality (NRM) and better overall and leukemia-free survival in patients receiving IV, but not oral, busulfan when compared to TBI. Finally, a recent, prospective cohort study conducted through the CIBMTR showed that, compared with TBI, IV busulfan resulted in superior survival with no increased risk of relapse or treatment-related mortality in patients with myeloid malignancies, supporting the use of high-dose IV busulfan vs. TBI in these patients.
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Reduced Intensity and Nonmyeloablative Conditioning Regimens
Observations from the late 1970s and early1980s suggesting that patients who developed acute or chronic graft-versus-host disease (GVHD) after allogeneic HCT had improved relapse-free survival led to the recognition that allogeneic hematopoietic cells not only rescued patients from the hematologic toxicity of high-dose conditioning regimens but, through immunologic GVT effects, also contribute to the cure of malignant diseases.
52-54 These findings were further supported by lower relapse rates associated with the use of unmodified grafts when compared to autologous, 55 syngeneic 56 or T-cell-depleted grafts 57 . The hypothesis that GVT effects are capable of eradicating malignant disorders led to the development of reduced-intensity and nonmyeloablative regimens which made allogeneic HCT an accessible therapeutic option for older and medically infirm patients who previously were not considered candidates for high-dose conditioning. While there is a considerable range in the intensity of these regimens, a uniform pattern has been the replacement of cytotoxic components of the conditioning regimen with less toxic but immunosuppressive agents to enable engraftment. Figure 1 outlines the spectrum of commonly used regimens in relation to their estimated immunosuppressive and myelosuppressive potency. As in the setting of HLA-matched allografts, both host-versus-graft and graft-versus-host reactions are primarily mediated by T-lymphocytes; therefore, presumably, modulation of host-versus-graft reactions would also contribute to the prevention of GVHD.
In general, reduced-intensity and nonmyeloablative allogeneic HCT result in a varying degree of initial mixed donor-host chimerism, 58 the degree of which can differ in distinct cellular subsets, depending on the intensity of the actual conditioning regimen, the HLA disparity between donor and host, graft composition, and other factors. Complete donor chimerism develops rapidly after reduced-intensity regimens that employ more myelosuppressive drug combinations; in contrast, 
Commonly Used Reduced Intensity Conditioning Regimens
Early studies reported by the MD Anderson Cancer Center used purine nucleoside analogbased regimens followed by allogeneic HCT for the treatment of hematologic malignancies. 62, 63 In subsequent reports, also from the MD Anderson group, purine analogs (fludarabine or cladribine) were combined with different doses of melphalan (180 mg/m 2 , 140mg/m 2 , and, eventually, 100 mg/m 2 ) in patients with high-risk AML and MDS undergoing allogeneic HCT. 64, 65 Of note, these studies showed efficacy of this regimen in patients not in complete remission but with high NRM rates, resulting in 40% and 23% 2-year survival in patients with active disease and circulating blasts, respectively, at the time of transplant. An update of outcomes, however, reported high rates of 4-year overall and progression-free survival (71% and 68%, respectively) in 36 patients in complete remission at the time of HCT.
Slavin et al. reported a regimen incorporating fludarabine, oral busulfan (8 mg/kg) and antithymocyte globulin (ATG) in 26 younger patients with both hematologic malignancies and genetic disorders undergoing HCT from HLA-identical siblings. 66 All patients achieved partial or complete donor chimerism. With the exception of two patients, all patients developed absolute neutropenia, and a total of 13 patients developed some form of SOS (four moderate or severe), suggesting that this regimen was still relatively intense. This regimen also showed activity in patients with heavily pre-treated malignant lymphoma, all of whom had rapid engraftment, 67 and was evaluated using HLA-matched unrelated donors as well. 68, 69 For personal use only. on October 31, 2017. by guest www.bloodjournal.org From A more intensified, sequential regimen of cytoreduction with fludarabine, cytarabine, and amsacrine, followed by 3 days of rest, then 4 Gy TBI, antithymocyte globulin (ATG) and cyclophosphamide (80 to 120 mg/kg; the "FLAMSA" regimen), also incorporating early donor lymphocyte infusion, was developed in Germany and showed promising results for high-risk AML and MDS patients, including patients with primary induction failure and adverse risk cytogenetics. 70 Subsequent studies implied that replacing TBI with busulfan in this regimen may further improve outcomes. 71, 72 In separate studies, several groups of investigators described the incorporation of clofarabine, a rationally designed, second generation purine nucleoside analogue with intrinsic antileukemic activity, into RIC regimens for allogeneic HCT, in combination with an alkylating agent such as busulfan or with TBI. 73, 74 These single institution studies, albeit small, showed that conditioning regimens incorporating clofarabine in various combinations (mostly in combination with an alkylating agent) and followed by allogeneic HCT were well tolerated and safe. The replacement of fludarabine with clofarabine in busulfan-containing preparative regimens did not seem to impact engraftment.
Commonly Used Nonmyeloablative Regimens
A low-dose, 2 Gy TBI-based preparative regimen was developed at the Fred Hutchinson Cancer
Research Center which was feasible for delivery in the outpatient setting. 75 To prevent graft rejection and increase pre-transplantation host T-cell immunosuppression, fludarabine at 90 mg/m 2 was added to the 2 Gy TBI. Peritransplant immunosuppression consisted of cyclosporine and mycophenolate mofetil (MMF). A more recent publication summarized outcomes in 1,092
patients with HLA-matched related (n=611) and HLA-matched unrelated (n=481) donors undergoing conditioning with 2 Gy TBI with or without fludarabine (90 mg/m 2 ). 76 As with most reduced-intensity conditioning regimens, the leading cause of treatment failure was relapse, 
Radioimmunotherapy-based Regimens
The observation that the majority of leukemias and lymphomas were exquisitely radiosensitive, and that higher doses of external beam TBI substantially reduced the risk of relapse in early studies of allogeneic HCT but resulted in increased toxicity due to radiation-induced damage to normal organs, 6,9 led to the hypothesis that targeted radiotherapy using radiolabeled monoclonal antibodies would be superior to external beam TBI in achieving disease control without imposing excessive toxicity. These approaches aim to deliver higher doses of radiation to the tumor site while relatively sparing normal organs from exposure to TBI. In order to achieve a favorable biodistribution of a radiolabeled monoclonal antibody, an ideal antigen would be expressed homogeneously on the tumor cell surface and would lack expression on normal cells.
Lacking such an antigen, methods to target lineage-specific hematopoietic antigens, such as CD20, CD33 and CD45, have been successfully developed in the autologous and allogeneic HCT setting.
82-85
Anti-CD20 Radioimmunoconjugates NHL cells are highly sensitive to radiation and stably express lineage-specific antigens, making them ideal targets for radioimmunotherapy. Two anti-CD20 radioimmunoconjugates, iodine-131 High-dose 131 I-tositumomab was explored as conditioning, followed by autologous stem cell rescue, in heavily pretreated B-cell NHL patients older than 60 years, with encouraging results. 86 The Nebraska group has explored the combination of conventional doses of 131 Itositumomab and high-dose BEAM conditioning followed by autologous HCT in patients with chemotherapy-refractory or multiply-relapsed B-cell NHL. 87 Encouraging results have been reported with conditioning regimens combining 90 Y-ibritumomab and high-dose BEAM followed by autologous HCT. 88, 89 Limited data exist on the use of anti-CD20-based radioimmunotherapy as part of conditioning therapy followed by allogeneic HCT. 90 
Anti-CD45 Radioimmunoconjugates
The CD45 antigen (common leukocyte antigen) is expressed on the surface of virtually all hematopoietic cells, except mature red cells and platelets. In addition, CD45 expression has been detected in 85-90% of AML and ALL, and the antigen does not internalize after antibody binding. In a phase I study, patients with advanced acute leukemia or MDS were treated with escalating doses of 131 I-labeled-CD45 antibody, in combination with high-dose cyclophosphamide and TBI conditioning, followed by autologous or allogeneic HCT. 91 This antibody was eventually explored in combination with high-dose targeted busulfan and cyclophosphamide conditioning, 92 
Anti-T-cell Antibody Containing Regimens
Antibodies targeting T-lymphocytes, such as antithymocyte globulin (ATG) and alemtuzumab, are commonly incorporated into high-dose and RIC regimens to decrease the incidence of graft rejection and to prevent GVHD. In general, ATG does not exert its immunomodulatory effects exclusively through in vivo host and donor T-lymphocyte depletion. Other mechanisms contribute, such as the modulation of cell surface molecules mediating interactions of lymphocytes and the endothelium, the modulation and depletion of antigen-presenting cells, as well as the induction of regulatory T-lymphocytes. 94, 95 Consequently, the efficacy of ATG in preventing graft rejection and GVHD is affected by several factors including the dose administered, its source and formulation (rabbit vs. horse; thymoglobulin, ATG-Fresenius vs.
Atgam), the timing of administration, the degree of HLA-disparity between host and donor, the graft source (marrow vs. G-CSF-mobilized peripheral blood stem cells, PBSC), and the intensity of the conditioning regimen used, all of which complicates any attempt to compare the various single institution phase II studies currently being conducted.
Several prospective randomized trials compared the efficacy of ATG in preventing GVHD in the setting of high-dose conditioning regimens, the discussion of which is beyond the scope of this review, with a primary focus on conditioning regimens. A meta-analysis of seven such randomized trials concluded that while administration of horse or rabbit ATG resulted in a significant reduction in the risk of grades III and IV acute GVHD, this did not translate into improved NRM or overall survival. 96 In contrast, to our knowledge, there has been no prospective phase III randomized trials reported to date that compares in vivo T-cell depletion with T-cell replete allografts in the context of RIC regimens. As discussed, the success of these regimens relies more heavily on immuneFor personal use only. on October 31, 2017. by guest www.bloodjournal.org From mediated GVT effects; therefore it is critical to understand the impact that in vivo T-cell depletion may have on the control of malignant disorders vs. nonmalignant conditions in the RIC setting.
Phase II trials from single institutions have showed promising results, 97 and there is emerging evidence that incremental changes in the dose can have substantial impact on outcomes, e.g.
reduction of thymoglobulin dose from 7.5 mg/kg to 6 mg/kg resulted in sustained control of GVHD but reduced NRM in patients undergoing HCT with RIC from unrelated donors. 98 Observations of a large retrospective analysis from the CIBMTR seem to caution the merits of in vivo T-cell depletion in conjunction with RIC regimens followed by allogeneic HCT. In this study, in vivo T-cell depletion with ATG or alemtuzumab resulted in increased relapse incidence and decreased disease-free survival in a cohort of 1,676 patients with hematologic malignancies receiving chemotherapy based RIC regimens, followed by related or unrelated donor HCT, using marrow or PBSC as graft source. 99 A more recent, but also retrospective, registry-based analysis from the Acute Leukemia Working Party of the European Group for Blood and Marrow
Transplantation, focused on a more homogeneous patient cohort, and included 1,250 patients with AML in first complete remission undergoing HLA-identical sibling PBSC transplantation with chemotherapy-based RIC regimens. 100 In this study, in vivo T-cell depletion was successful in preventing acute and chronic GVHD, but was associated with similar relapse risk, NRM, disease-free and overall survivals. In this study it was also observed, that among patients receiving busulfan-based RIC, the use of ATG at a dose of < 6 mg/kg did not result in an increased risk of relapse, while with ATG doses ≥ 6 mg/kg, there was a non-significant trend of higher relapse risk.
In summary, while in vivo T-cell depletion with ATG may reduce GVHD in patients undergoing RIC followed by allogeneic HCT, the dose and timing of ATG can substantially impact outcomes, cautioning against the routine use in this context. Future prospective randomized To decrease GVHD rates, several groups have incorporated alemtuzumab into the conditioning regimen, as another approach to achieve in vivo T-cell depletion. 101, 102 These studies showed that although inclusion of alemtuzumab in the preparative regimen was associated with durable engraftment and a low incidence of GVHD, this did not necessarily translate into a survival benefit when retrospectively compared to similar regimens not containing alemtuzumab.
Concerns regarding infections and relapse have limited its more widespread use in the transplant setting.
The Choice of Conditioning Regimens
As When evaluating a patient for allogeneic HCT, the diagnosis, disease status, donor availability (i.e. HLA disparity, predicting the risk of rejection), graft source, and patient-related factors such as the presence or absence of comorbid conditions, should all influence the choice of conditioning regimen.
In recent, mostly retrospective reports, patient age did not show statistically significant association with overall survival, NRM, or relapse. 103 The intrinsic selection bias in these studies needs to be recognized. Nevertheless, the data show that age alone should not be considered a contraindication to allogeneic HCT. Older patients and those with pre-existing comorbid conditions should be evaluated for allogeneic HCT with RIC or nonmyeloablative regimens, carefully assessing risks and benefits.
Disease-associated factors should also be considered, such as diagnosis and remission status.
As discussed above, higher relapse rates have been observed with RIC and nonmyeloablative regimens, and the sensitivity of different hematologic malignancies to GVT effects can vary substantially. Patients at high risk for post-HCT relapse with RIC and nonmyeloablative regimens (e.g. advanced myeloid malignances and aggressive lymphomas not in remission)
should be considered for more intense regimens, and if not eligible, additional interventions can be employed, such as pre-transplant cytoreductive therapy or post-transplant maintenance therapy, preferably in the context of a clinical trial. As remission status at the time of HCT is an important prognostic factor that predicts risk of relapse in patients with both myeloid and lymphoid malignancies, allogeneic HCT should be pursued at early disease stages, possibly as soon as complete remission is achieved in patients with high-risk diseases.
In conclusion, the development of reduced-intensity regimens made allogeneic HCT accessible to older and medically infirm patients. The role of dose intensity and reduced-intensity regimens is yet to be defined in younger populations; however, it is possible that with the evolution and optimization of peritransplant interventions and post-transplant maintenance therapies, this approach will provide a platform for the treatment of younger patients as well. 
